The clonal determination of B-cell lymphoproliferative diseases by immunoglobulin heavy chain (IgH) rearrangement by polymerase chain reaction (PCR) is widely used. In this study we report our experiences with B cell clonality analysis using multiplex PCR amplification followed by heteroduplex analysis, which was found to be essential for the efficient resolution of monoclonal bands within polyclonal backgrounds, in formalin-fixed paraffinembedded tissue.
INTRODUCTION
Clonality analysis of B cells using polymerase chain reaction (PCR) amplification of immunoglobulin genes has become an important tool for the diagnosis of problematical B cell lymphoproliferative diseases (1) . Valuable diagnostic information is also provided by immunohistochemical techniques, especially the analysis of immunoglobulin (Ig) kappa and lambda light chains in B-cell proliferations (2) . Molecular analysis of immunoglobulin gene rearrangements by Southern blotting has also proven useful in the diagnosis of B-cell neoplasms (3) althougth PCR is replacing more cumbersome hybridisation techniques.
The Ig gene contains many different variable (V), diversity (D), and joining (J) gene segments, which are rearranged during early lymphoid differentiation (4) . The V-D-J rearrangement are mediated via the recombinase enzyme complex which recognizes and cutt the DNA at the recombination signal sequences, which are located downstream of the V gene segments, on both sides of the D gene segments, and upstream of the J gene segments (van Dongen 2003) . The many different combinations of V, D, and J gene segments resulted in combinatorial repertoire, which is estimated to be 2x10 6 for Ig molecules (5) that are unique in both length and sequence. Therefore, it is difficult to employ a single primer set to target all of the conserved flanking regions around V-J rearrangement and multiplex PCR reactions, which target several FR regions, which are required to identify the majority of clonal rearrangements.
The Ig heavy (IgH) chain gene has been the preferred target because most B cell tumors have rearranged IgH genes (6), (7) . However, a large proportion of B cell tumors (up to 30% depending on lymphoma type and grade) are not amenable to amplification of IgH because of the loss of target sequences or alteration as a result of somatic hypermutation (7) . Therefore some authors (8) advise combined IgH and IgG gene rearrangement analysis which improved sensitivity from 66% to 85%.
In this study we describe our experiences with B cell clonality analysis using multiplex PCR amplification of IgH followed by heteroduplex analysis in paraffin-embedded tissue.
MATERIAL AND METHODS

Patient and tumor samples
This study included 25 patients surgically treated for lymphoproliferative diseases at the General Faculty Hospital (Prague, Czech Republic). Immediately after the surgical removal, the tumor specimens were frozen in liquid nitrogen and used directly for molecular analysis or they were formalin-fixed, paraffin-embedded for later use. Diagnosis was based on the standard histopathological criteria according to WHO classification (9), (10) from the histological point of view, it was mostly MCL, FL and DLBCL lyphomas with additional immunohistochemistry a panel of antibodies including CD3 1:50, CD7 1:50, CD8 1:25, CD20 1:100, CD23 1:50 (Dako) and cyclin D1, BCL6 and BCL2 (manual processing), CD4 1:20, CD5 1:50, CD15 1:40, CD30 1:80 (Roche) (robotic processing Ventana), according previous work (11) , (12) .
Deparaffinizing slides
The blocks of formalin-fixed, paraffin embedded tissue were cut using a microtom, and 9 paraffin slides (20 m thick) were placed directly into a sterile microfuge tube. Then 0.5 ml of xylen was added, after which the specimens were mixed for 5 minutes and centrifuged for 5 minutes in a microfuge tube. The xylen was removed and added again to remove residual paraffin. After centrifugation, the tissue was washed twice in 0.6 ml of 100% ethanol and centrifuged again. The tissue was dried by heating at 45°C for 3 minutes.
DNA isolation DNA was extracted by using QIAamp DNA Mini Kit (Qiagen) according to the manufacturer protocol. This kit is based on the technology, which combines the selective binding properties of silica-gel-based membranes with the speed of microspin technology. After the end of the procedure, the DNA was stored at -20°C.
PCR analysis PCR analysis was performed by using IdentiClone IGH gene clonality assay (InVivoScribe Technologies) which is based on the BIOMED-2 international study (5) . This kit includes six master mixes. The IGH Tube A, B, and C master mixes target the framework 1, 2, and 3 within the variable region, and the joining region of immunoglobuline heavy chain locus. The IGH Tube D and E master mixes target the diversity and joining regions, respectively. Finally, the control size ladder master mix, targets multiple genes and generates a series of amplicons of 96, 199, 299, 399, and 608 bp to ensure the quality and quantity of the input DNA. The complete list of primer sets (originally described in van Dongen et al. 2003) including their sequences, annealing temperatures, and PCR product sizes are presented in Table I. PCR conditions were : initial denaturation at 95°C for 7 minutes, followed by 35 cycles with the program of denaturation at 95°C for 45 seconds, annealing at 60°C for 45 seconds, and extension at 72 °C for 90 seconds. The reaction was accomplished with a final extension at 72°C for 10 minutes.
Heteroduplex analysis For heteroduplex analysis, PCR products were denatured at 94ºC for 5 minutes and subsequently cooled at 4ºC for 60 minutes to induce homo and/or heteroduplexes. Briefly, the duplexes were immediately loaded on a 6% non-denaturing polyacrylamide gel in 0.5 Tris-
Boric acid-EDTA (TBE) buffer, and run at room temperature. The visualization of products was made by SYBR Safe DNA gel stain (Invitrogen, Molecular Probes) and PCR ethidium bromid (Top-Bio, s.r.o.)
FACS analysis A cell suspension of lymph node cells was prepared under aseptic conditions by mechanical disaggregation through tissue grinder. Samples were lysed with the hypotonic solution of NH4Cl and washed in PBS containing 1% bovine serum albumin and 0.2% sodium azide (PBSA). Cell suspensions (5x10 6 /ml) were incubated with flurochrome-conjugated monoclonal antibodies (MoAbs) 10 μL at room temperature in the dark for 15 minutes, then washed once in PBSA. After centrifugation, the cell pellet was resuspended in PBS with 1% paraformaldehyde. All antibodies were obtained from Beckman Coulter (Fullerton, CA, USA). MoAbs used for three-colour flowcytometric analysis (FITC-fluorescein isothiocyanate, PE-phycoerythrin, PC5-phycoerythrin-cyanin 5. 
FACS analysis
In each case, we initially analysed the percentage of tumor cells in each sample by FACS. In order to determine sensitivity of the method, we chose tumors with different percentages of tumor cells ( Table I) . TCGCAGACCCTCTCACTCACCTGTG  CTTACCTGAGGAGACGGTGACC  CTGGGTGCGACAGGCCCCTGGACAA  TGGATCCGTCAGCCCCCAGGGAAGG  GGTCCGCCAGGCTCCAGGGAA  TGGATCCGCCAGCCCCCAGGGAAGG  GGGTGCGCCAGATGCCCGGGAAAGG  TGGATCAGGCAGTCCCCATCGAGAG  TTGGGTGCGACAGGCCCCTGGACAA  CTTACCTGAGGAGACGGTGACC  TGGAGCTGAGCAGCCTGAGATCTGA  CAATGACCAACATGGACCCTGTGGA  TCTGCAAATGAACAGCCTGAGAGCC  GAGCTCTGTGACCGCCGCGGACACG  CAGCACCGCCTACCTGCAGTGGAGC  GTTCTCCCTGCAGCTGAACTCTGTG  CAGCACGGCATATCTGCAGATCAG  CTTACCTGAGGAGACGGTGACC  GGCGGAATGTGTGCAGGC  GCACTGGGCTCAGAGTCCTCT  GTGGCCCTGGGAATATAAAA  AGATCCCCAGGACGCAGCA  CAGGGGGACACTGTGCATGT  TGACCCCAGCAAGGGAAGG  CTTACCTGAGGAGACGGTGACC  CACAGGCCCCCTACCAGC  CTTACCTGAGGAGACGGTGACC  GGAGCAGCATICCATCCAGC  ACTCCATGGGCCGGACATAA  CCGCAGCAAGCAACGAACC  GCTTTCCTCTGGCGGCTCC  TGCGATGTGGTCATCATGGTG  CGTGTCATTGTCGTCTGAGGC  TGTTGACTCGATCCACCCCA  TGAGCTGCAAGTTTGGCTGAA  GCCCGACATTCTGCAAGTCC  GGTGTTGCCGGGAAGGGTT   PCR PCR analysis of IGH rearrangements In order to determine the correct quality of PCR amplification, we briefly analysed the presence of the control genes in each sample. We found the presence of the 608, 399, 299, 199 and 96 base pairs PCR product corresponding to the human AF4 gene exon 3 and 11, promyelocytic leukemia zinc-finger gene (PLZF), recombination activating gene (RAG1) and tromboxane synthase gene (TBXAS1), respectively ( Fig.1,2) . Because smaller PCR fragments are preferentially amplified and DNA may be degraded in paraffin-embedded material, it is not unusual for the 608 bp fragment to have a diminished signal or to be missing entirely. We then analysed the presence of IGH rearrangements in reactive lymph nodes. We found no product or a clearly distinguishable smear without any band at the position of homoduplexes (Figure 1 ). We interpreted these negative results as : Negative for the detection of clonal immunoglobuline heavy chain gene rearrangements.
Finally, we analysed the presence of IGH rearrangements in the tumors (Figure 2) . After heteroduplex PCR analysis with VHFR1/JH primers, a monoclonal pattern of one discrete band within the expected size range (310-360 bp) was seen in 6 of 13 (46.2 %) of the cases of lymphoma using both fresh frozen and formalin-fixed paraffin-embedded tissue. The remaining 7 cases gave rise to a smear of products. Following amplification with VHFR2/JH primers one discrete band within the expected size range (250-295 bp) was seen in 5 of 13 (38.5 %) of the cases. After VHFR3/JH amplification we found one discrete band within the expected size range (100-170 bp) in 9 of 13 (69.2 %) of the cases. PCR amplifications for the DH/JH junction showed one or two discrete bands within the expected size range (110-290 and/or 390-420, 100-130 bp) in 7 of 26 (26.9 %) of the cases.
In the remaining case, which contained only 13% tumor cells, no monoclonal bands were seen, which suggests the detection limit of this method.
In some cases, bands additional to the monoclonal homoduplex band could be seen ( Figure 2 ). Such bands were located at a size higher than 500 bp, and so did not complicate the interpretation of the clonal bands. In addition, we did not observe any differences in the monoclonal pattern in the case of using formalin-fixed paraffin-embedded tissue when compared to the fresh frozen tissue, which indicated that the primers amplified a small amplicon (up to 400 bp) in order to be able to use formalin-fixed paraffin-embedded material, which often provided poor quality of extracted DNA.
In all the cases, when one or two prominent positive bands within the valid size range were seen, we interpreted these results as : Positive for the detection of clonal immunoglobuline heavy chain gene rearrangements consistent with the presence of clonal cell population.
DISCUSSION
The characterization of immunoglobulin (Ig) gene rearrangement has become an important step in the diagnosis of B-cell malignancies. Strategies for the amplification of Ig heavy chain genes have been described in a series of reports (1), (6), (7), (13), but they have not become well established, especially for the amplification of formalin-fixed paraffin-embedded material in which the DNA may be highly degraded. There are a few pitfalls in the successful amplification and interpretation of the results.
Firstly, there are false-positive results due to the background generated by the amplification of rearranged Ig genes in polyclonal cell populations. Several techniques solved this problem including e.g. direct sequencing of PCR products (14) , gene scanning (5) and heteroduplex analysis (15) . Among these methods, heteroduplex analysis is a simple, fast, and cheap method for the analysis of PCR products in case of a rearranged Ig gene. In heteroduplex analysis, PCR products are denatured at high temperature and subsequently renatured to induce homo-or heteroduplex formation which is essential for the efficient resolution of monoclonal bands within polyclonal backgrounds.
The second problem is false-negative results due to improper annealing of primers and/or the presence of somatic hypermutation. However, the novel BIOMED-2 multiplex PCR method for detecting B-and T-cell clonality was demonstrated to be a very reliable assay (5) . In general, the analysis was performed with optimized DNA probes for the IGH locus.
Another problem which may have affected the results of PCR amplification is the input material. In general, fresh frozen tissue is considered to be the ideal sample for the extraction of DNA. However, fresh frozen material is not always available because the majority of diagnostic biopsies submitted for PCR analysis constitute formalin-fixed paraffin-embedded tissue. DNA extracted from formalin-fixed paraffin-embedded material is often of poor quality. The integrity of DNA extracted from paraffin-embedded samples and its amplification by PCR are affected by a number of factors such as the thickness of tissue, fixative type, fixative time, DNA extraction procedures, and the coextraction of PCR inhibitors (16) , (17), (18), (19) , (20) . The integrity of DNA fragments extracted from paraffin-embedded samples also depends on the length of time the blocks have been stored before analysis with the best results usually obtained from blocks less than 2 years old, while blocks over 15 years old tend to yield extremely degraded fragments (21) . This problem can be solved by designing of the primers which amplified the small amplicon -up to 400 bp (22) .
In conclusion, B cell clonality analysis using the BIOMED-2 multiplex PCR amplification method (van Dongen et al. 2003 ) followed by heteroduplex analysis is a valuable diagnostic aid for B cell lymphoproliferative diseases.
